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Abstract 
Graphene can be used as the active film in a gas sensor. To provide the best 
possible electrical properties, it is important that graphene films be single-layered and 
single-crystalline. A low vacuum chemical vapor deposition (CVD) chamber was 
constructed to grow graphene with these properties. The effect of growth parameters, 
such as annealing times and methane partial pressure, on the quality of graphene was 
investigated. Raman spectra of graphene were used to quantify the characteristics of the 
synthesized graphene. Graphene synthesized through CVD has two major peaks, the G 
(~1570cm-1) and the 2D peak (~2700 cm-1). Information about the peaks was extracted 
through the use of a Lorentzian curve fit. The ratio of the 2D:G peaks and the 2D width 
parameters seem to demonstrate  no distinct correlation between graphene quality and the 
partial pressure of methane. It does suggest, however, an apparent improvement in 
graphene quality with increased annealing time. Scanning electron microscope (SEM) 
images were also taken of a sample that was purposely synthesized to provide partial 
graphene coverage.  
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1.  Introduction 
 Most of the world around us is composed of three dimensional objects. Even 
paper, which some would describe as being very thin, is still three dimensional. Some 
types of paper have an approximate thickness of 0.07 mm 1 which is orders of magnitude 
thicker than the single layer of molecules that would define a truly two dimensional 
material. Such a material is rare and it is one of the traits that best describe what graphene 
is.  Figure 1.1 shows the structure of graphene and graphite. Graphene is a two 
dimensional material made of a single-layer of carbon atoms and thus has a thickness of 
approximately 73 pm 2. These atoms form a honeycomb lattice, as can be seen from 
Figure 1.1a, due to the sp2 hybridized carbon atom network. Graphene forms the basic 
building blocks of various carbon allotropes. Graphite is made of layers of graphene 
stacked atop each other as can be seen from Figure 1.1b.  
1.1. Properties of Graphene and its Application 
The fact that graphene is a two dimensional material is not all that makes it 
unique. Its two dimensional nature causes it to have various interesting electrical and 
physical properties. For instance, it has a high thermal stability. This means that the 
graphene does not develop significant permanent defects in air until the temperature is 
around ~500oC 3. A single layer of graphene is also highly sensitive to changes to its 
surface. When a molecule temporarily adsorbs onto the surface of graphene, it changes 
the conductivity of the material. This change is unique to the adsorbing molecular species 
which would allow for the identification of the molecule 4.  
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(a) 
 
(b) 
 
 Figure 1.1: Structure of graphene and graphite. (a) Carbon atoms are bonded in 
a honeycomb lattice. Image retrived from Wikipedia 5. (b) Graphene is a 
fundamental building block of various carbon allotropes like graphite. Image 
retrieved from Nano Enhanced Wholesale Technologies 6. 
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When a gas molecule adsorbs onto the surface of graphene, it has been 
demonstrated to be possible to detect the gas’s presence. Sensitivity has been shown to be 
sufficient to detect molecular amounts of gas molecules 7. When this ability is coupled 
with graphene’s high thermal stability, it allows a graphene based gas sensor that can be 
placed in a relatively high temperature environment, such as near a combustion engine, to 
be developed. The long term goal of the research group is to develop a graphene-based 
gas sensor to be placed in an automobile. It is the hope that this kind of gas sensor will 
provide higher sensitivity than existing sensors to the ratio of gases being emitted from 
the combustion process and allow for a further optimization of the combustion system.   
1.2. Methods for Graphene Synthesis 
In order to provide the electrical properties needed for a gas sensing device, 
graphene needs to be single-layered and single-crystalline. In this study, a variety of 
different graphene synthesis methods were initially tested to find the most efficient way 
of producing high quality graphene. Chemical vapor deposition was eventually chosen as 
the preferred method. The following subsections detail the methods that were attempted 
by our lab.   
1.2.1. Scotch Tape Method 
The most common, and famous, method of producing graphene is through the 
scotch tape method, also known as micromechanical exfoliation 8. The method involves 
taking graphite flakes and mechanically cleaving the layers of graphite with scotch tape. 
If the procedure is repeated many times, it is possible to cleave the graphite to the point 
where graphene sheets are produced. The scotch tape is then placed onto a silicon chip 
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where the graphene is deposited. Graphene is normally transparent to optical light. To 
resolve this, a silicon dioxide layer of specific thickness was grown on the surface of a 
silicon chip to provide a contrast sufficient to optically detect graphene 9. 
Micromechanical exfoliation has the ability to produce extremely high quality 
graphene with high charge carrier mobility. However, it produces uncontrollable sizes, 
deposition locations, and thicknesses of graphene flakes. The method is highly tedious 
and leaves, in addition to mono-layered graphene, small pieces of graphite and multi-
layered graphene onto the surface of the chip. Figure 2.2a shows a photograph of a 
silicon chip after the scotch tape transfer. Objects of different colors in the image 
correspond to different thicknesses of graphene sheets. Some of these objects are even 
bulk-graphite. Figure 2.2b shows a photograph of graphene. As can be seen from the 
image, single-layered graphene has a very low contrast with its background. This makes 
it very difficult to spot in an optical microscope, amidst the many thicker flakes of 
graphene and graphite. Nonetheless, a visual search must be conducted throughout the 
chip in order to locate these graphene sheets. This makes the scotch tape method very 
difficult to scale up to any sort of reproducible or production process. 
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(a) 
 
(b) 
 
 Figure 1.2 Silicon chip after scotch tape transfer (a) A sample picture of a 
silicon chip after the scotch tape method transfer. Large amounts of graphite 
and multi-layer graphene are scattered across the chip. Light purple sheets 
could be mono-layer graphene. Most of the other objects are multi-layer 
graphene or graphite. (b) A sample picture of mono-layer graphene is circled. 
As can be seen, the contrast between the graphene and its background is 
extremely minute, making it very hard to detect visually. 
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1.2.2. Solvent-Assisted Ultrasonication of Graphite 
Solvent assisted ultrasonication of graphite pieces is another method of producing 
graphene that was tested 10. This process involves breaking up graphite pieces by 
bombarding it with ultrasonic waves. The graphite is immersed in a solvent such as 
isopropyl alcohol (IPA) or acetone during this process. These solvents have the solvation 
energy necessary to help keep the graphite pieces from recombining. This process is more 
industrially friendly than the scotch tape method, in that it can be done in large quantities 
at a time. 
Our initial tests at ultrasonication produced unexpected results in that it was 
difficult to remove the graphene from the solvent. After evaporation, the solvent would 
leave discolorations on the surface of the chip that made optically detecting graphene 
impossible. The discoloration could not be removed by annealing the chip at high 
temperatures. Spin coating the graphene flake mixture did not allow graphene a chance to 
stick to the surface of the chip. Regardless, even if the discoloration could be dealt with, 
this method also suffers from similar drawbacks as the scotch tape method. The position 
of graphene flakes are random and larger pieces of graphite and multilayered graphene, 
due to incomplete sonication breakdown, are also deposited onto the surface of the chip.  
1.2.3. Chemical Vapor Deposition (CVD)  
 CVD is the method of producing graphene that was chosen for further 
development. The process involves the flow of methane gas across a copper substrate at 
low vacuum in the presence of a hydrogen/argon mixture at ~980oC. In these conditions, 
methane adheres to the surface of the copper substrate where it undergoes a catalytic 
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decomposition into other hydrocarbons. Once the density of the hydrocarbons reaches a 
supersaturation point, they decompose further into carbon atoms. Nucleation sites are 
formed from these carbon atoms which grow to form graphene sheets on the copper 
substrate 11.  This process is controllable and it produces graphene with no physical 
defects at the detection level of Raman spectroscopy. When graphene is transferred from 
the copper substrate, it is transferred in relatively large sheets. Silicon chips are also 
much cleaner with no additional multilayered graphene or graphite being deposited. 
Copper foil also has the ability to suppress the formation of multilayered graphene 12 
which results in the production of high coverage levels of single layer graphene.  
In the past, studies have been conducted to explore the effects of methane partial 
pressure on the quality of graphene in high vacuum CVD systems 13. However, studies 
into the effects of annealing time of the copper foil and the methane partial pressure have 
not been fully explored for a low vacuum CVD system. This thesis details the 
investigation of these parameters and their effects on graphene quality. The experimental 
construction of a CVD chamber is described in the section 2. Why these parameters were 
chosen is discussed in section 3. An explanation of Raman spectroscopy and its ability to 
quantify the quality of the graphene that is produced is also provided. Data collected from 
Raman spectroscopy and SEM is presented and discussed in section 4. Future 
improvements that can be made to the CVD system will be discussed in section 5.  
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2. Experiment 
2.1. Chemical Vapor Deposition Chamber 
The construction of a low-cost Chemical Vapor Deposition (CVD) system for the 
purpose of graphene synthesis is discussed in this section. The setup of the CVD system 
that was constructed is shown in Figure 2.1. As can be seen from the figure, the structure 
of the CVD system is straightforward. Growth gases are flowed into the quartz tube 
growth chamber from gas tanks through valves and controllers. A mechanical pump is 
used to provide a low vacuum. A pressure sensor is placed just before the mechanical 
pump.  
2.1.1. Growth Gases 
As discussed above, the growth gases necessary for CVD of graphene are 
methane and hydrogen. The CVD system utilizes ultra-high purity methane for the 
system. Due to safety concerns, a 95:5 Argon/Hydrogen tank is used in place of pure 
hydrogen. This mixture has the added effect of allowing the growth to be conducted at a 
much higher pressure than pure hydrogen and methane would allow.  The presence of the 
relatively large amounts of argon gas, in comparison to the hydrogen and methane, helps 
displace any oxygen or water vapor present in the chamber, allowing for a cleaner growth 
process.  A pure argon gas tank is attached to the system in the event a purge is required 
without the use of growth gases.  
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(a) 
 
(b) 
 
 Figure 2.1 Chemical Vapor Deposition Setup (a) Schematic Drawing detailing 
the elements of a Chemical Vapor Deposition Setup. (b) Photograph of 
Chemical Vapor Deposition system. A: Flow Controllers, B: Tube Furnace, C: 
Growth Chamber, D: Mechanical Pump, Gas sensor and readout. 
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2.1.2. Controllers and Gas Control 
Ideally, mass-flow controllers would be used to provide for precise gas flow rate 
control. However, due to cost constraints, simple ball flow controllers from Dwyer 
Instruments are used instead 14. A carbon dioxide calibrated flow controller for our 
argon/hydrogen control and a nitrogen calibrated flow controller for methane control are 
used.  
 Ball flow controllers are not designed to measure flow rates under vacuum. The 
controllers also use knobs for flow rate control. This knob becomes difficult to 
manipulate at very low flow rates. For these reasons, it is necessary to measure the flow 
rate of the gases using a pressure sensor. A convection gauge vacuum pressure sensor 
calibrated to nitrogen gas for the purpose of pressure measurement is used. The sensor 
allows control of the gas flow based on the apparent current pressure of the system. It is 
important to note the fact that since there is a dynamic flow of gases into the system, the 
pressure measured by the meter is not the true pressure of the system. It does however 
still represent a repeatable method of measurement of the relative pressure.  
2.1.3. Growth Chamber and Connections 
 Stainless steel piping is normally utilized in CVD systems due to the fact that 
stainless steel pipes are generally cleaner.  However, our CVD system was built using 
copper pipes. A comparison of graphene samples between the copper piped CVD system 
and the stainless steel piped CVD system at Oregon State University yielded no 
discernible difference in graphene quality. Due to high growth temperatures, we use a 
quartz tube as the growth chamber. Glass to metal connections were attached to the ends 
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of the tube to allow for connection to the rest of the system.  A Lindberg heavy-duty tube 
furnace 15 to provide the temperatures necessary for CVD was used. A temperature of 
~980oC can be reached in ~32 minutes with this furnace.  
 The system is capable of reaching a base pressure of ~50 mTorr through the use 
of a mechanical pump. It is not necessary to reach high vacuum level due to the use of the 
argon/hydrogen mixture.  
2.2. Synthesis of Graphene 
 Growth of graphene is done on the surface of a copper foil substrate. For our 
experiments, a 0.025mm Alfa Aesar copper foil is cut in 1”x1.5” rectangles. The foils are 
then flattened with microscope slides and folded into rectangles in a table configuration 
as can be seen from Figure 2.2. This configuration provides the foil with greater 
structural support, preventing it from crumbling when placed in the furnace. Due to the 
high annealing temperature of ~1000oC, this shape strengthens the foil and if the foil does 
begin to sag at those temperatures, the center of the foil is given higher clearance from 
the furnace due to the table configuration.  
After the foil is folded, it is cleaned by placing it in solvent baths of the following 
sequence and duration: acetone (10sec), water (10sec), acetic acid (10min), water 
(10sec), acetone (10sec), isopropyl alcohol (10sec). After this process is completed, the 
foil is gently blown dry with nitrogen gas. It is necessary to be careful with this drying 
process as the foil is extremely fragile and can easily bend with a forceful burst of 
nitrogen gas.   
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 Figure 2.2: Table-top configuration of copper foil. The foil is placed inverted 
into the tube with the ‘legs’ of the table facing the bottom of the quartz tube. 
Copper folded in this shape provides greater structural support and the center of 
the foil has higher clearance from the quartz surface. 
 
 
With the foil cleaned, it is then placed inside the tube furnace and the gas inside 
the furnace is removed down to 40-50 mTorr with a mechanical pump. The mechanical 
pump is left on for the duration of the experiment. The gas lines are then purged with 
their respective gases for 1 minute. The valves to the controllers are then sealed before 
turning the controllers off. This ensures that the gas lines are pressurized with only their 
respective gases, reducing possible oxygen contamination. The chamber is then flushed 
with growth gases for 10-30 minutes to purge as much oxygen and water vapor in the 
chamber as possible.  
 Once the vacuum and gas systems are clean and ready, the tube furnace is turned 
up to maximum power. The system reaches ~980oC in around 32 minutes. 
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Argon/hydrogen gas is flowed throughout the heating process. The equilibrium pressure 
of the system, with the argon/hydrogen gas, as shown by the gas sensor is adjusted to be 
2.4 Torr. Once the system reaches 980oC, the power is lowered such that the temperature 
remains relatively constant. Since copper’s melting point is slightly over 1000oC, caution 
should be taken to ensure that the system does not exceed 1000oC. The copper foil is then 
annealed for 15 minutes.    
After the annealing process, methane gas is flowed such that total pressure now 
reaches 8 Torr for 13 minutes. The furnace is then turned off and the system is allowed to 
cool with growth gases flowing. At 600oC, the tube furnace lid is opened completely and 
the system is cooled down to room temperature. Once the system is below 150oC, growth 
gases can be shut off and substituted for argon gas. When room temperature has been 
reached, the system can be shut off and brought back to atmospheric pressure with argon 
gas.  This process is summed up in the flow chart in Figure 2.3.  It is important to note 
that pure argon gas cannot be used to substitute for the hydrogen/argon mixture in this 
system. The hydrogen gas will react with any oxygen present to prevent oxidation of the 
copper foil from occurring. Without the presence of hydrogen gas, the copper foil can 
potentially oxidize due to any trace of oxygen present in the system.  
Once the growth process has been completed, an oxidation test is performed as a 
means of determining whether graphene is in fact present on the copper foil. A small 
piece of the copper foil is cut out and flattened with glass slides. It is then placed on a 
hotplate and baked in open air for 6 minutes at 160oC. For the purposes of this test, 
graphene acts as a barrier that protects the copper foil from oxidizing. If graphene is not 
present, the copper foil will turn a distinct red due to the formation of copper (I) oxide. If 
13 
 
graphene is present, the foil will not oxidize and remain the same color. Incomplete 
coverage of graphene will cause the copper foil to undergo partial oxidation 16. The 
effects of the oxidation test can be seen in Figure 2.4.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
14 
 
Clean Foil by 
Solvent Bath  
Place in Tube 
Furnace  
Pump down 
and purge 
system 
    
 
 
 
Flow 
Methane at 8 
Torr for 13 
minutes  
Anneal for 15 
minutes  
Heat to 980oC 
with 2.4 Torr 
H2 /Ar 
 
 
 
 
 
 
 
 
 
 
   
Turn off 
Furnace and 
Let Cool  
Open lid at 
600oC  
Remove at 
Room 
Temperature 
 
 Figure 2.3: CVD method flow chart. The process for growing graphene is 
summarized.  
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(a) 
 
(b) 
 
 
Figure 2.4: Oxidation of copper foil with and without graphene. (a) Blank 
copper foil turns a deep red that is very distinctive while (b) graphene protected 
copper does not change color at all when heated in air.  
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3. Theory 
CVD is a process that is highly controllable in comparison to other graphene 
synthesis methods. The electrical properties of graphene are optimized for the use as a 
gas sensor when graphene is single-layered and single-crystalline. It is therefore 
important to optimize the constructed CVD system to produce the highest possible 
quality of graphene. To do this, two growth parameters were explored, the partial 
pressure of methane and the annealing time of the copper substrate. The quality of 
graphene can be determined using Raman spectroscopy.  
3.1. Partial Pressure of Methane 
 Adjustments to the partial pressure of methane can be made to influence the 
quality of the graphene samples. When methane molecules adsorb onto the surface of the 
copper substrate, the methane will undergo a catalytic decomposition. The local area will 
then eventually become supersaturated with the species. As a result, local nuclei will 
form which then grow into graphene domains.  It has been shown that the partial pressure 
of methane will affect the density of these local nuclei 13.  
 Bi-layer graphene form by what is known as the underlayer method 17. This 
method results in additional layers forming underneath the initial graphene layer due to 
nuclei formation at the surface of the copper. As a result, higher concentrations of 
methane can potentially cause more graphene layers to form. When graphene domains 
intersect, it can be inferred that the intersection introduces gaps that might be locations in 
which secondary graphene growth occurs. As a result of the formation of these gaps, 
17 
 
multi-layer graphene will begin to grow. It can then be reasoned that with lower methane 
pressures, higher quality graphene can be synthesized.  
3.2. Copper Annealing 
 The process of copper annealing takes place when copper is brought close to its 
melting point of 1084.2oC 18. Annealing generally is done at ~980oC. Figure 3.1 and 
Figure 3.2 show the differences between annealed and un-annealed copper. The surface 
of annealed copper is much flatter and is almost reflective than un-annealed copperas can 
be seen in Figure 3.1.  As can be seen from Figure 3.2a, prior to annealing, copper foil 
generally has lines across its surface that are due to the thermal twinning process 
necessary to produce foils this thin. When the temperature of copper is brought near its 
melting point, the atoms have enough energy to rearrange themselves thereby creating a 
change in the surface morphology. This change creates large flat plateaus, such as those 
in Figure 3.2b, that are more conducive for the growth of a two dimensional material like 
graphene 19.  It can be inferred that the boundaries between copper grains are likely 
locations for the formation of graphene nucleation sites much the same way carbon 
dioxide bubbles nucleate on the uneven surface of a Mentos candy. A large flat plateau 
would thus reduce the number of nucleation sites. Fewer nucleation sites would allow for 
larger graphene domains to grow and reduce the chance of secondary graphene growth.  
 The secondary effect of heating copper to such high temperatures results in the 
elimination of most residual contaminations on the surface of the copper due to the 
preparation process or the production of the copper foil itself. Removing these would also 
reduce the number of potential of graphene nucleation sites. This effect, coupled with the 
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formation of larger copper plateaus, suggests that graphene quality should improve with 
higher annealing times. 
 
 
 Figure 3.1 Dark field image comparison between annealed and un-annealed 
copper. Un-annealed copper (top) and annealed copper (bottom). Image was 
taken with a dark field imager to highlight the differences in topography. 
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(a) 
 
(b) 
 
 Figure 3.2 Optical microscope comparison between annealed and un-annealed 
copper. (a) Copper Foil before annealing. Vertical lines seen are due to the 
thermal twinning process from the manufacturing process of the foil. (b) 
Copper foil after annealing demonstrating clear changes in structure due to 
annealing process.  
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3.3. Raman Spectroscopy of Graphene 
 Raman spectroscopy is a common technique for graphene characterization. 
Briefly stated, the technique involves the bombardment of a material’s surface with 
monochromatic photons. The majority of the photons are elastically scattered which is 
known as Rayleigh scattering. Some of the photons, however, are scattered inelastically 
through a process known as Stokes scattering. Stokes scattering occurs due to a transfer 
of energy to certain Raman active vibrational modes in the material. The decrease in 
energy and therefore increase in wavelength of the light is the Raman shift. The exact set 
of Raman shifts is characteristic of a material. As a result, a Raman spectrum can be 
referred to as a ‘fingerprint’ of the material.  
 Graphene has three distinct peaks, the G peak (~1587 cm-1), the D peak 
(~1350cm-1) and the 2D peak (~2700cm-1), whose positions, widths, and heights can be 
used to quantify the various qualities of the substance 20.  Figure 3.3 shows an example of 
a graphene Raman spectrum. Oscillatory effects can be seen between the peaks in Figure 
3.3. This is due to an interference effect in the optics of the Raman spectrometer. The 
slight curve that seems to underlay the spectra is due to the effect of the copper substrate.  
3.3.1. G peak 
The G peak is located at ~1587 cm-1 in the graphene spectrum. The peak 
corresponds to the in-plane vibrational mode involving sp2 hybridized carbon atoms. This 
means that the carbon atoms are bonded to three neighbors. This peak has the ability to 
vary with the number of layers of graphene that are present. As the number of graphene 
layers increase, the peak shifts to lower energies due to the softening of the planar carbon 
21 
 
bonds. What is useful about the G peak is that its intensity and width remains relatively 
constant, in comparison to the 2D peak with varying layers of graphene and into graphite.  
3.3.2. D peak 
The D peak is located at ~1350cm-1. The peak is a result of a vibrational mode in 
sp3 bonded carbon. The presence of this vibrational mode indicates the presence of 
defects in the structure of graphene. The presence of sp3 bonds suggest that the graphene 
is folded such a way that some of the carbon atoms are now bonded to four neighbors 
instead of the typical three in graphene.  The intensity of this peak is related to the 
number of defects present. This band is not normally present in CVD grown graphene. 
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 Figure 3.3: Example Raman Spectrum showing the G and 2D peaks. This 
graph has been flattened and normalized to make the peaks distinctive from the 
background. The oscillatory effects that can be seen between the peaks are due 
to instrumental effects. The slight slope between the peaks is due to the Raman 
effect of the copper substrate underneath the graphene.  
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3.3.3. 2D peak: 
The 2D peak is known as an overtone of the D peak, however, it is not related to 
the physical defects of the graphene itself. It is located at ~2700cm-1. The 2D peak is 
comprised of four different peaks. In single layer graphene however, only one of those 
peaks is dominant, which results in a strong and sharp peak. This peak is believed to be a 
result of a zone-boundary vibrational mode 21.  
To further illustrate the uniqueness of the Raman spectrum of mono-layered 
graphene, Figure 3.4 shows a comparison between the Raman spectra of graphite (a) and 
graphene (b). As can be seen from figure 3.4a, the G peaks of graphite are much taller 
than the 2D peak. On the other hand, in figure 3.4b, graphene 2D peaks are taller or 
nearly the same height as the G peak. It can be expected that higher quality graphene will 
have a higher 2D:G peak ratio. The 2D peak in graphite is also asymmetric and wider. 
This is due to the other vibrational modes in the 2D peak are more active. The 2D peak in 
graphene, on the other hand, is narrow and symmetric. It can be expected that higher 
quality graphene will have a lower 2D peak width.  
The G peak of graphene has a definitive Lorentzian shape to it 22,23. In graphene, 
the 2D peak follows a Lorentzian shape as well, though the shape becomes a poorer 
approximation as the number of layers of graphene increases, due to introduction of other 
vibrational modes in the 2D peak.  The equation for the Lorentzian curve fits are given 
below: 
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𝑦 = 𝑦𝑜 + 2𝐴𝜋 𝑤4(𝑥−𝑥𝑜)2+𝑤2     (1) 
where yo is the baseline correction, A is total area under the curve from the 
baseline, xo is the center of the peak and w is the full width half maximum of the peak. 
We can also derive the peak height from the baseline from this equation. This will allow 
for a quantitative comparison of graphene quality amongst samples.  
 
 
 
 Figure 3.4: Comparison of graphite and mono-layer graphene Raman spectra. 
(a) The G peak in graphite is much taller than the 2D peak. The 2D peak is 
asymmetric and wide. (b) The G peak in graphene is the same height or shorter 
than the 2D peak. The 2D peak is symmetric and narrow. Image retrieved from 
Google Images 24. 
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 4. Results and Analysis 
 The effect of two growth parameters, the partial pressure of methane and the 
annealing time, on the quality of the graphene that is produced by CVD was investigated. 
The quality of the graphene was quantified by means of Raman spectroscopy and 
analyzed in Origin 25.  Scanning electron microscope (SEM) images of a graphene 
sample that was grown specifically to only have a partial coverage of graphene will also 
be discussed.  
4.1. Analysis Setup 
Two experimental data sets were created to investigate the effect of growth 
parameters on graphene quality. Experiment 1 investigated varying the annealing time of 
the copper foils at a constant methane pressure. Five samples, utilizing 13, 18, 28, 73 and 
133 minutes of total annealing time were prepared. Methane flow time is 13 minutes at 
5.6 Torr partial pressure as was stated in the section 2. The values of the selected 
annealing times include the methane flow time. Samples with varying annealing times 
were grown at a constant methane partial pressure of 5.6 Torr. Experiment 2 investigated 
varying methane partial pressure between different copper foils at a constant annealing 
time. Another five samples with 0.6, 1.6, 5.6, 13.6, 42.6 Torr of the partial pressure of 
methane were also prepared.  Samples with varying methane partial pressure underwent a 
total annealing time of 28 minutes.  All experiments were conducted with an 
argon/hydrogen partial pressure of 2.4 Torr.  
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 Graphene samples were analyzed, while still on the copper foil, using a Raman 
spectrometer at Oregon State University. Raman spectroscopy was conducted using a 
532nm laser. The Raman spectrometer that was used was only able to scan a single spot 
on the sample. Because of this, data was collected from 3-5 spots near the center of each 
copper foil to provide an estimate of the overall graphene quality.   
The Raman spectra were analyzed using Origin. Figure 4.1show part of the 
procedure within Origin for creating the curve fits. The data was first normalized to the 
maximum peak height. The peaks on the Raman spectrum were then fitted to a 
Lorentzian curve as can be seen in Figure 4.1a. In Figure 4.1b, a manual calibration of the 
peak’s approximate width in the software was necessary to achieve accurate curve fits. 
Figure 4.2 is an example curve fit of the 2D peak in a graphene Raman spectrum that was 
collected. As can be seen from the figure, the fits were reasonable approximations of the 
peak’s shape.  
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(a) 
 
(b) 
 
 Figure 4.1 Screen capture of Origin software method. (a) A nonlinear curve fit 
was used. (b) Range of the peak needed. The figure demonstrates were the input 
for the range can be selected. The approximate width of the peak should be 
inputted. This was necessary to provide an accurate fit. 
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 Figure 4.2: Example Lorentz fit to graphene peak. 2D peak from Experiment 
1, Sample 5 with annealing time of 133 minutes and partial pressure of 
methane of 5.6 Torr. The red line represents the Lorentzian curve fit. The blue 
dots represent the Raman spectrum data. As can be seen, the Lorentz curve 
gives a reasonable approximation of the peak shape, and allows the peak 
width, height and the location is quantified.  
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4.2. Results 
For each Raman spectrum, the peak center positions, the ratio between the 2D and 
G peak heights, and the 2D peak width were tabulated and analyzed. Average results 
from each sample were reported and discussed. These averages will be used in future 
discussions. The standard deviation of the peak positions, the ratio and the 2D peak 
widths was also calculated to provide an estimation of the variation in graphene quality 
within a single sample using the following equation.  
𝑠 = �∑ (𝑥𝑖−?̅?)2𝑛𝑖=1
𝑛−1
      (2) 
Where s is the sample standard deviation, n is the number of sampled spots, xi is 
the fit parameter value of a selected spot and ?̅? is the average fit parameter value. The 
average fit parameters were graphed with the error bars representing the sample standard 
deviation of the individual samples. 
4.2.1. 2D:G Peak Ratio and the 2D Width 
Figure 4.3 and 4.4 summarize the Raman data for Experiment 1 and Experiment 2 
respectively. An apparent increase in 2D:G peak height ratio and a decrease in 2D peak 
width at longer annealing times, as can be seen from Figure 4.3,  suggest that longer 
annealing times improve graphene quality. However, the effect of methane partial 
pressure on the quality of graphene does not show any visible pattern due to the large 
amounts of scatter of data, as can be seen in Figure 4.4.  
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4.2.2. Peak Positions  
Peak position shifts were calculated based on the data’s difference from the G 
peak’s position (1586cm-1) and the 2D peak’s position (2700cm-1). Figure 4.5 and Figure 
4.6 are graphs of the G and 2D peak positions of Experiment 1 and Experiment 2 
respectively. As can be seen from Figure 4.5 and 4.6, the peak positions from both 
experiments are very scattered and display no distinct correlation.  
4.2.3. SEM Images 
In addition to performing Raman spectroscopy on various graphene samples with 
different annealing times and methane partial pressures, another sample was grown with 
the intent of purposely producing partial coverage of graphene sheets on the copper 
substrate. This graphene sample was grown with the same procedure as was defined in 
section two but with a 2 hour anneal and a 200 mTorr methane partial pressure for 1.5 
minutes. The details of this synthesis process is summarized in the appendix.  These 
samples were then observed using an SEM with a 10keV acceleration voltage. Figure 4.7 
shows images taken from the SEM.  As can be seen from the figure, partial coverage of 
graphene was achieved. Graphene domains can be seen to be growing in butterfly like 
patterns in Figure 4.7a. Figure 4.7b shows that graphene domains do no terminate at 
copper domains but rather grow over them. The smaller dark spots in Figure 4.7b might 
represent smaller, less developed, graphene domains. If this is true, the larger graphene 
domains could actually be made of smaller graphene domains. It is difficult to say for 
certain at this point as no visual evidence was observed that graphene domains 
intersections are visible in an the SEM image.  
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 (a) 
 
(b) 
 
 
Figure 4.3 2D:G peak ratio and 2D width results from Experiment 1. (a) The 
ratio of the 2D and G peaks for a range of annealing times. As can be seen, the 
ratio seems to improve with higher annealing times. (b) 2D width for a range of 
annealing times. The error bars in these graphs and the subsequent graphs are a 
representation of the spread within a sample.  
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(a) 
 
(b) 
 
 
Figure 4.4 2D:G peak ratio and 2D width results from Experiment 2. (a) Ratio of 2D:G 
peak for a range of methane partial pressures. (b) 2D peak widths for a range of methane 
partial pressures.   
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(a) 
 
(b) 
 
 
Figure 4.5 Peak position results from Experiment 1. (a) G peak position shifts  
for a range of annealing times. (b) 2D peak position shifts for a range of 
annealing times.   
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(a) 
 
(b) 
 
 Figure 4.6 Peak position results from Experiment 2. (a)  G peak position shifts 
for a range of Methane partial pressure. (b) 2D peak position shifts for a range 
of methane partial pressures.   
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(a) 
 
(b) 
 
 Figure 4.7 SEM images of partial grown graphene on copper substrate.  (a)  
Partial growth of graphene was achieved showing many distinct graphene 
domains. (b) Graphene sheets seem to grow across copper domains. Small dark 
spots on the copper foil might be smaller graphene domains.  
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4.3. Discussion  
The increase in 2D:G peak ratio and decrease in 2D peak width provide evidence 
that higher annealing  times improve the quality of graphene grown through CVD.  This 
trend is not observed at lower annealing times, which could be show that graphene is 
insensitive to minor variations in annealing time. When longer annealing times were 
used, Raman data suggest an improvement in graphene quality. This concurs with our 
previously established theory, however, more study is required to verify the results. The 
peak positions are hard to correlate with growth conditions due to the large amount of 
scatter present in the results.  
When Raman spectroscopy is performed, a laser dot is shined on the sample. 
Since the laser dot illuminates an area rather than a pinpoint, it is conceivable that the 
laser dot is in fact sampling a variety of different graphene domains at once. Figure 4.7b 
showed that small dots are present on the copper substrate in addition to the large 
graphene domains. These dots could be newly formed graphene nucleation sites. The 
SEM sample was synthesized at a much lower methane partial pressure. Despite this, a 
large number of graphene domains were observed. It is thus conceivable that the 
nucleation site density would increase to such a degree that, at higher methane partial 
pressures, a single laser dot would encompass multiple graphene domains. This could 
potentially skew our measurements of the peak positions.  
In the data presented here, the partial pressure of methane does not demonstrate 
any statistically significant correlation with the quality of graphene. There are three 
possible explanations for this result. First, as was observed in the SEM images in Figure 
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4.7, the number of graphene domains was already dense at 200 mTorr of methane partial 
pressure. At the level of pressure that the Experiment 2 was conducted at, it is possible 
that the nucleation site density had already reached a saturation point. Then any increase 
in methane partial pressure would not correspond to a distinctive change in graphene 
quality.  Secondly, this might suggest that the partial pressure of methane does not have a 
significant enough impact on the quality of graphene produced to be detectable by our 
measurements. Thirdly, there could be simply insufficient data to be able to observe any 
correlation. More samples of the various methane pressures would be required to be able 
to definitively explain the effects of methane partial pressure on the graphene quality.  
Annealing temperature likely also plays a significant role in material quality. Due 
to limitations of equipment, the exact temperature of the furnace is difficult to repeat 
between runs. As a result, the temperature of the system will vary around 980oC and 
1000oC. Due to the fact that annealing works more effectively when close to the melting 
point of copper, this could lead to a large degree of uncertainty. Longer annealing times 
normally resulted in slightly higher average annealing temperatures. This might indicate a 
secondary explanation to the quality improvement seen in longer annealing times.  
Since graphene grows in domains, it is possible that our data just so happens to 
land on domains that had imperfections. As a result, data might have been influenced. To 
dampen this effect, more data should be collected.  
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5. Conclusion 
 A low vacuum chemical vapor deposition chamber was successfully constructed. 
Utilizing Raman spectroscopy, it has been demonstrated that graphene has indeed been 
produced. To further investigate the properties of the chemical vapor deposition chamber 
that was built, different growth parameters and their effect on the quality of graphene 
produced were investigated.  
 The total annealing time of the copper foil and the partial pressure of methane are 
the parameters that were investigated. Using data collected from Raman spectroscopy and 
analyzed through Origin, it has been determined that no correlation between graphene 
quality and the partial pressure of methane can be observed within the experimental 
range. An apparent improvement in graphene quality was observed with higher order 
annealing times. It can therefore be concluded that, to produce high quality graphene, it 
would be beneficial to anneal the copper foil for longer periods of time.  
 To further advance the state of knowledge of the chemical vapor deposition 
chamber and growth mechanics, a number of future research projects can be investigated. 
In this thesis, the experiment with varying methane partial pressure was conducted with a 
constant annealing time of 15 minutes. It could be possible that a longer annealing time 
might improve graphene quality enough that a change can be detected for various 
methane partial pressures. In addition to this, more data should be collected to improve 
statistics and provide an estimation of the level of significance of the results of this thesis. 
Finally, it is strongly recommended that the quality of graphene be investigated by 
conducting measurements on the mobility of graphene samples. 
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Appendix 
CVD Graphene Procedure 
A. Cleaning 
1. Acetone (10s) 
2. Water (<10s) 
3. Glacial Acetic Acid (10min) 
4. Water (<10s) 
5. Acetone (10s) 
6. IPA (10s) 
7. Blow dry with nitrogen gently on a holder to ensure copper does not bend or 
warp due to force of air.  
 
B. Vacuum Pumping 
1. Place copper foil inside quartz tube in clear area or as close to center as 
possible. Can be done by jiggling the foil to the center or if necessary to push 
it in with the copper rods (big and small) 
2. Seal the tube with the O-rings and KF clamps on both the vacuum and gas 
sections. Tighten as much as possible with fingers. 
3. Set methane flow rate at ~10 sccm. This should translate to ~200 mTorr total 
pressure with pump running.  
4. Turn on vacuum pump and pump down to 40-50 mTorr. 
5. If gas lines have not been used in a week or more, pump down the lines by 
opening the valves and controllers without any gas flowing. 
6. Set controllers to a low flow setting and turn on all 3 tanks. Close the 
controllers after pumping for a minute and then close the valves and let the 
system pump down to 40-50 mTorr. 
7. Leave for 10-30 minutes. 
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C. Graphene Growth 
1. Flow H2 gas at 2.4 Torr for a few minutes and then turn on tube furnace to 
max for 32 minutes with H2 flowing. 
2. Turn down to 8-8.25 on the tube furnace when temperature hits >960oC. (Do 
not exceed 1000oC if possible). 
3. Let sit for 2 hours 
4. Turn on Methane gas for 1.5 minutes at total pressure of 200 mTorr 
5. Turn off tube furnace and let cool with gases flowing. 
6. Open lid at ~600oC 
7. Flow Argon gas at 2 Torr when the temperature reaches 150oC and shut off 
hydrogen and methane gas.  
8. Close vacuum valve and let argon raise pressure to atmosphere. (Be careful 
not to overpressure! If need be increase argon flow but make sure to observe 
pressure) 
9. Turn off gases and unseal quartz tube and remove copper foil. 
 
 
D. Oxidation Test 
1. Cut a small area of the copper foil (trying to get parts of the center that is not 
creased by the table shaped folding design)  
2. Place on hotplate at 160oC for 6 minutes 
3. Observe any changes in coloration (red means oxidized and no graphene 
formed) 
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